Introduction
============

Few nutrients have received the level of scrutiny in the past 30 y that fructose has. It has been promoted as a unique dietary risk factor, likened to addictive drugs and reviled as a scourge of the modern diet. Fructose research has become a major research topic: PubMed and Google Scholar list \>1500 and 2600 publications, respectively, with fructose in the title since 2004, attesting to its priority within granting agencies. It has recently become the indirect target of municipal government taxation schemes.

On closer examination, much of the accusing evidence appears based on confusion of fructose-containing sweeteners and their compositions, incorrect reporting of fructose use and intake figures, extreme experimental designs bearing little resemblance in amount or pattern to actual human use, and emphasis on statistical rather than clinical importance.

Challenges to fructose
======================

Fructose received its first serious challenge in the 1980s from the research labs of USDA's Sheldon Reiser ([@bib1], [@bib2]), Stanford's Gerald Reaven ([@bib3], [@bib4]), and others, who alleged fructose altered glucose, lipid, uric acid, and copper metabolism and was a risk factor for cardiovascular disease (CVD)[^4^](#fn4){ref-type="fn"} and hypertension. These issues were reviewed in a comprehensive monograph published in *The American Journal of Clinical Nutrition* in 1993. In the monograph Introduction ([@bib5]), coeditors Forbes and Bowman made insightful observations on experimental protocols that are still applicable today:"The editors emphasize that careful consideration should be given to the effects of other macronutrients, particularly carbohydrates other than fructose, that are consumed as part of the total daily diet. Fructose is rarely consumed in its pure form, without other foods. We urge caution in interpreting studies of the health effects of fructose because many published studies have used extremely high fructose intakes, which far exceed the estimated intakes described in the paper by Park and Yetley. At times, these high-intake studies are extremely difficult to interpret because the quantities used are unphysiologic and associated with significant changes in dietary composition. In fact, as for many macronutrients, extremely high levels of fructose intake can be toxic. Difficulties also occur in making extrapolations to humans from results obtained in experimental animals because results vary for different species, strains, and sexes, and with the specific source of dietary protein."

Glinsmann and Bowman ([@bib6]) wrote the following summary statement regarding the impact of fructose on public health: "On the basis of currently available information, as reviewed in this monograph, fructose is a valuable, traditional source of food energy, and there is no basis for recommending increases or decreases in its use in the general food supply or in special dietary use products."

The second challenge to fructose came indirectly in 2004 via the "high-fructose corn syrup (HFCS) hypothesis" of Bray et al. ([@bib7]) that asserted "the increase in consumption of HFCS has a temporal relation to the epidemic of obesity, and the overconsumption of HFCS in calorically sweetened beverages may play a role in the epidemic of obesity" ([**Fig. 1**](#fig1){ref-type="fig"}). This correlation-based hypothesis came as a surprise to many scientists, both within and outside the industry, because it did not include sucrose, a sweetener with similar composition, energy content, sweetness, functionality, consumption levels, and metabolism.[^5^](#fn5){ref-type="fn"} The HFCS hypothesis brought about several significant consequences: attention was focused squarely on HFCS as a unique cause of obesity, whereas sucrose was ignored or viewed as a healthier sweetener; fructose research, dormant for a decade, was re-ignited; and HFCS was vilified in the popular culture when the hypothesis was accepted as fact rather than a premise requiring proof.

![Historical trends in sucrose and high-fructose corn syrup (HFCS) consumption (availability) versus rates of obesity in adults. After significant gain in market share at the expense of sucrose, HFCS consumption has been decreasing since 1999 and there is no correlation with obesity. From USDA Economic Research Service per capita consumption data, adjusted for loss and WHO Global Database on BMI.](246fig1){#fig1}

The most recent challenge targeted fructose from all added sugars. Lustig ([@bib8]) speculated that fructose has toxicity similar to that of ethanol, Johnson et al. ([@bib9]) warned that "excessive fructose intake should be considered an environmental toxin with major health implications," and Bray ([@bib10]) promoted fructose as the specific object of Yudkin's *Pure, White and Deadly* ([@bib11]), a 1980s polemic against sugar. Although all 3 would likely agree with the general scientific concurrence that sucrose and HFCS are metabolically equivalent, they would also likely advocate limiting both sweeteners because of the claimed health risks associated with fructose, a component of both.

Fructose and chronic diseases
=============================

The 2010 Dietary Guidelines ([@bib12]) listed 5 significant diet-related chronic diseases faced by Americans today: CVD (37% of the population), hypertension (34% of U.S. adults), diabetes (nearly 11% of the population), cancer (∼41% of the population), and osteoporosis (half of American women and 1 in 4 men 50 y of age and older).

Fructose has been called a risk factor for the first 4 of these diseases and most recently for nonalcoholic fatty liver disease, a clear indication of the broad scope of the research on this sugar and of the popular belief that it is a significant and unique cause of many of the diseases that Americans face. But is it really?

The fructose hypothesis
=======================

The assertion that fructose is at the root of many of contemporary America's health problems may be termed the fructose hypothesis. Its rationale has 2 essential justifications: *1*) Significant diseases related to intermediary metabolism---obesity, diabetes, CVD, hypertension, cancer, nonalcoholic fatty liver disease, and metabolic syndrome―are increasing among Americans in step with disproportionate fructose increases in the human diet; and *2*) Cause-and-effect evidence uniquely links the metabolism of fructose to these diseases in humans at typical U.S. dietary exposure levels and intake patterns.

There are significant flaws in the fructose hypothesis that are seldom acknowledged: historical sugars intake trends are incompletely or incorrectly represented and are seldom presented alongside comparable fats and oils or cereal grains intakes for perspective; contemporary experimentation poorly models human fructose consumption levels and patterns, distorting normal dietary sugars ratios and biasing metabolic outcomes; and cause-and-effect support is poor for fructose as a biochemical/metabolic threat in humans at typical exposures and patterns―the evidence does not support extreme fructose biochemistry.

It is the purpose of this review to challenge the fructose hypothesis by offering new perspectives on fructose consumption and metabolism, with the aim of restoring reason and objectivity to the fructose debate.

Current status of knowledge
===========================

Historical sugars consumption trends
------------------------------------

### Historical sugars consumption trends in the United States.

Sucrose and HFCS consumption statistics are often incompletely reported or exaggerated to justify research. USDA Economic Research Service per capita availability trends (with the latest USDA loss factors) for sucrose and HFCS, the 2 dominant sweeteners in the United States, are shown in [Figure 1](#fig1){ref-type="fig"}, covering the historical period from 1910 to the present ([@bib13]). Sucrose consumption increased 40% between 1910 and 1921, but then remained relatively constant for \>50 y, except for the supply interruption during World War II. HFCS was introduced to the food and beverage industry as a liquid alternative to sucrose in the late 1960s and rapidly gained market share over the next two decades at the expense of sucrose, replacing almost half of it on a nearly 1:1 basis due to a) similarities in composition, energy (calories), and sweetness; b) ease of handling and consistent supply; and c) for some applications, improved functionality and cost savings. Although seldom acknowledged, it is undeniable that HFCS use peaked in 1999 and has been in steep decline for more than a decade; 2010 marked a return to 1989 use levels. It must be noted that this decade-long decline has occurred as obesity rates continued to climb.

#### Perspective.

Recent availability data invalidate the 2004 HFCS hypothesis; there has been no positive association between HFCS and obesity for 13 y. There is likewise no correlation with other diet-related chronic diseases that have increased over the past decade.

### Commodity group energy intake trends in the United States.

Per capita energy intake in the United States increased by 449 kcal/d between 1970 and 2010 ([@bib14]). Swinburn et al. ([@bib15]) observed that this increase in energy intake, coupled with insufficient compensating exercise, is a "more than sufficient" explanation for the overweight/obesity crisis. [**Figure 2**](#fig2){ref-type="fig"} compares USDA commodity group energy increases over the past 40 y for caloric sweeteners, flour and cereal products, and added fats, oils, and dairy fats. Two surprising discoveries emerged from the comparison: first, increased energy from caloric sweeteners was minor, accounting for only 34 kcal/d (\<8%) of the energy increase; and second, energy from flour/cereal products and added fats increased disproportionately in comparison with caloric sweeteners, accounting for \>90% of the increase.

![Commodity group energy intakes, 1970--2010. Added sugars contribution to the 449 kcal/d increase in per capita energy intake over this period was small in comparison with flour-cereal products and added fats, accounting for \<8% of the increase. Added sugars intake has been decreasing since 1999. From USDA Economic Research Service average daily per capita energy from the U.S. food availability, adjusted for loss.](246fig2){#fig2}

#### Perspective.

Added sugars have not increased disproportionately as the modern diet inflated over the past 40 y; in fact, they have been in decline for more than a decade. To blame contemporary health problems on HFCS specifically, or caloric sweeteners generally, diverts attention from the most likely contributor to overweight and obesity: the imbalance between energy intake and expenditure.

USDA historical trends are supported in the NHANES study recently reported by Welsh et al. ([@bib16]), which confirmed the decline in intake of added sugars in children of all ages and people of all ethnicities since 1999. It also reported a concomitant decline in energy from sugar-sweetened beverages (SSB) since 1999, correcting the misperception created by references to broad or outdated statistics that recent SSB intakes continue to increase ([@bib17]--[@bib19]).

#### Perspective.

The misperception that added sugars and SSB intakes continue to increase in the American population is simply untrue and should no longer be allowed as a justification for research.

### Fructose increased little in 90 y; no association with increasing rates of obesity.

With the growing agreement among experts that HFCS and sucrose are metabolically equivalent has come a renewed focus by some on the fructose component common to both. As noted earlier, fructose has been investigated as a causative factor in many contemporary diseases with metabolic origins. However, the comparison in [**Figure 3**](#fig3){ref-type="fig"} of historical trends in fructose exposure from added sugars between 1910 and 2010 with one of these, obesity, generates a useful perspective ([@bib13], [@bib20]). It is apparent that fructose intakes from caloric sweeteners over the past 90 y changed very little, averaging 39 ± 4 g/d/person and that there is no association with rates of obesity. Consistent with HFCS and SSB, intakes of fructose and total caloric sweeteners have also been decreasing since 1999 and are now comparable to 1991 levels. Thus, statements claiming that "\[e\]xposure to fructose was accelerated by the introduction of high fructose corn syrup (HFCS)" ([@bib10]) and "\[d\]ietary fructose intake is increasing...it is increasing primarily from added sugars, including sucrose and high fructose corn syrup" ([@bib9]) are inflammatory, but simply not true.

![Historical trends in fructose and caloric sweetener consumption (availability) versus contemporary rates of obesity in adults. Despite the introduction of new caloric sweeteners, fructose intake has not substantively increased since 1920; it has been decreasing since 1999 and there is no correlation with obesity. From USDA Economic Research Service per capita consumption data, adjusted for loss and WHO Global Database on BMI.](246fig3){#fig3}

#### Perspective.

There is no correlation between consumption of fructose and increasing rates of obesity ([Fig. 3](#fig3){ref-type="fig"}) or, as noted with HFCS in [Figure 1](#fig1){ref-type="fig"}, with other diet-related chronic diseases that have increased over the past decade. Historical data from the past century invalidate the first tenet of the fructose hypothesis, which seeks to implicate fructose as an important risk factor through increasing intakes and correlation with obesity and associated diseases.

Sugars consumption patterns
---------------------------

### Dietary fructose sources contain comparable glucose.

When considering the human diet, it is necessary to accept the reality that all sources of fructose contain comparable amounts of glucose. The primary dietary source of fructose is caloric sweeteners and their composition is shown in [**Figure 4**](#fig4){ref-type="fig"}. The most used sweeteners contain roughly equivalent amounts of fructose and glucose and are book-ended between HFCS-42 at 42% fructose and HFCS-55/grape juice concentrate at 55% fructose. HFCS seems a poor name in hindsight because *medium fructose* is more in line with its composition; the name has been a source of understandable confusion. Although apple juice concentrate (64% fructose), agave nectar/pear juice concentrate (74% fructose), and crystalline fructose (99%+ fructose) contain incrementally more fructose, their combined use is small and amounts to less than a few percent of annual caloric sweetener use.

![Comparison of the fructose and glucose compositions of caloric sweeteners. Fructose and glucose are consumed together and in relatively equal amounts from high-fructose corn syrup (HFCS), sucrose, honey, and grape juice concentrate.](246fig4){#fig4}

The secondary dietary source of fructose is simple sugars in fruits, vegetables, and nuts. More than 50 of these commonly contain free fructose and glucose with minor amounts of sucrose and other glucose-based, short-chain oligomers. When the hydrolysis of sucrose to free fructose plus glucose and the oligomers to free glucose during digestion are accounted for, the net sugars contributed by this dietary source are also about half fructose and half glucose ([@bib21]).

### The incidence of a fructose- or glucose-only--sweetened diet is rare.

The fructose versus glucose comparison common in many contemporary studies carries with it the tacit assumption that the results generated are applicable to a substantive segment of the population. This assumption is false.

Sun et al. ([@bib22]) tested this assumption by comparing fructose and nonfructose (mostly glucose-based and lactose) intake patterns of \>25,000 subjects in the 1999--2006 NHANES databases ([**Fig. 5**](#fig5){ref-type="fig"}). They discovered that not only was fructose rarely consumed solely or in excess over nonfructose sugars, the fructose energy contribution was lower that that of nonfructose sugars in \>97% of subjects studied.

![Sample size distribution by interaction of fructose and nonfructose (non-fru) intakes (NHANES; % kcal in adults; n = 17,749). X-axis = fructose % E (percentage of total energy), y-axis = nonfructose sugars % E, and z-axis = subject frequency (counts from 0 to 671). Fructose generally contributed less daily energy than nonfructose sugars, the ratios of fructose to nonfructose sugars were held in a fairly narrow range, and consumption of fructose or nonfructose sugar alone as the dominant sugar was uncommon in the typical American diet. For example, in the circled left-front area, the frequencies of participants who had higher fructose intakes without allied high nonfructose sugar intakes are very low (0--3 subjects for many cells). Humans consume mixtures of sugars, not fructose or glucose in isolation. % E, percentage of total energy. Reproduced with permission from ([@bib22]).](246fig5){#fig5}

### Glucose is the dominant sugar in the human diet.

Glucose-to-fructose ratios in various commodity combinations have been calculated in the past to add additional insight about how we consume simple sugars. These are collected in [**Figure 6**](#fig6){ref-type="fig"}, along with a recently introduced whole diet ratio. Using USDA caloric sweetener availability data between 1966 and 2002, Forshee et al. ([@bib23]) reported that glucose consistently exceeded fructose in added sugars by 1.3-to-1,[^6^](#fn6){ref-type="fn"} a ratio that was unchanged by the introduction of HFCS in the 1970s. Sun et al. ([@bib22]) analyzed added sugars intakes from NHANES subjects in reporting an aggregate nonfructose-to-fructose ratio of 1.7:1,[^7^](#fn7){ref-type="fn"} showing that nonfructose sugars exceed fructose in the diet by nearly 2-fold.

![Comparison of glucose-to-fructose (G:F) ratios of added sugars, dietary sugars (nonfructose to fructose), and the whole diet. Glucose is by far the dominant sugar in our food supply, exceeding fructose in the whole diet by a ratio of more than 5:1 for the past 40 y. Key provides commodity category and ratio (author, data source, publication year).](246fig6){#fig6}

For this paper, White ([@bib24]) used 1970--2010 USDA loss-adjusted per capita commodity group energy availability and specific sugars composition data ([@bib14], [@bib24], [@bib25]) for all dietary sources of glucose and fructose to estimate the total diet ratio at \>5:1 for this time period.[^8^](#fn8){ref-type="fn"} This higher ratio is more representative of real-world diets. The upward trend from 1970 onward is reasonable when the increasing energy contributions of glucose-based flours and cereal grain products ([Fig. 2](#fig2){ref-type="fig"}), starches, maltodextrins, corn syrups, and dextrose are considered.

Although it has been estimated that only 20% of dietary glucose is taken up by the liver, short-term and nonhuman studies suggest that fructose is metabolized predominantly, although not entirely, in the liver; for example, 12% of absorbed fructose was converted to intestinal lactate in miniature swine ([@bib26]). However, once absorbed by the liver, half of the fructose is rapidly metabolized to glucose ([@bib27]). This has 2 important, but poorly recognized, consequences: 1) when dietary conversion of fructose to glucose is accounted for, the initial dietary glucose-to-fructose ratio of \>5:1 reported above now approaches 11:1 in the whole body;[^9^](#fn9){ref-type="fn"} and 2) this conversion shifts the initial glucose-to-fructose ratio in the liver from 1:1 to 3:1.[^10^](#fn10){ref-type="fn"}

#### Perspective.

Fruits, vegetables, and nuts and the principal sweeteners sucrose, HFCS, and honey contain comparable proportions of fructose and glucose. The incidence of individuals consuming predominantly fructose- or glucose-sweetened diets is rare. Fructose versus glucose experiments targeting these extremes are neither physiologically relevant nor useful in predicting mixed-sweetener outcomes for the general population consuming an overwhelmingly glucose-based diet. Considering the dominance of glucose in both the overall diet and the liver, a strong case could be made that fructose-only studies exaggerate the contribution of fructose to overall metabolism, while ignoring the overarching regulatory and metabolic presence of this principal sugar.

Exaggerated protocols bias biochemical outcomes
-----------------------------------------------

### Fructose-only/extreme dosing protocols significantly shift both dose and glucose-to-fructose ratio.

Using NHANES data, Marriott et al. ([@bib28]) estimated whole-population fructose intakes at 9.1% E (percentage of total energy; range, 7.4%--11.6%) for the population mean and 14.6% E (range, 12.8%--17.9%) for the 95th population percentile, the highest 5% of fructose consumers. Benchmarks for the 50th and 95th percentiles are represented as dashed black horizontal lines in [**Figure 7**](#fig7){ref-type="fig"}. Colored dots were plotted representing fructose amounts (% total E) fed to human (red) and animal (blue) subjects in 57 studies reporting adverse effects of fructose. These examples were culled from articles and reviews representing a cross section of opinions on the fructose debate ([@bib29]--[@bib33]). Although more could be added to the graph, the present number is sufficient to illustrate that human and animal subjects in studies reporting adverse effects are routinely given extreme fructose doses, exceeding even 95th population percentile intakes in many human studies by 1.5- to 3-fold excess. Fructose doses administered to animals are more extreme yet, exceeding the 95th human percentile intake by \>4 to 5 times. Extreme dosing produces a biochemically significant shift in the ratio of glucose to fructose that must be accounted for.

![Experimental fructose dose (%E, percentage of total energy) in representative human and animal studies claiming adverse fructose effects versus Marriott's 50th and 95th percentile fructose intake estimates. Most experimental doses exceed even the 95th percentile for human fructose intake. Few Americans consume the levels of fructose being tested, and fewer still consume these levels in the absence of glucose. Extreme dosing protocols drastically alter glucose-to-fructose (G:F) ratios and promote a distorted view of fructose metabolism.](246fig7){#fig7}

#### Perspective.

Widely practiced fructose-only protocols using extreme dosing to accentuate metabolic differences shift the glucose-to-fructose ratio from 5:1 at the population mean to 1:1, 1:2, and 1:4 at doses of 30%, 40%, and 50% E as fructose, respectively; the ratio becomes incalculable and meaningless in animal studies at 60% E, where fructose doses exceed dietary recommendations for total carbohydrates. Fructose overfeeding studies are clearly not physiological, are likely to provoke abnormal metabolism through radical shifts in glucose-to-fructose ratios, and cannot be relied on to assess human risk.

Extreme dosing outcomes are not supported by real-world studies
---------------------------------------------------------------

### Effects of fructose alone.

Numerous studies have reported differences in metabolic outcomes in dietary comparisons of fructose alone and glucose alone \[see, for example, references ([@bib34]--[@bib37])\]. Most are poorly suited for use in assigning health risk because the comparison is artificial---humans consume both together, not in isolation, and the typical diet contains \>5 times more glucose than fructose---and because the dose is often extreme (typically 1.5 to 3 times the 95th population intake), as noted above, to accentuate differences.

Several recent meta-analyses have attempted to put human fructose-alone experimentation into a dose-dependent perspective. In a series of papers from the research group of Sievenpiper and Jenkins, isocaloric comparisons of fructose with other carbohydrates (sucrose, HFCS, lactose, starch) were found not to affect weight gain ([@bib33]) or blood pressure ([@bib38]), did not increase uric acid in nondiabetic and diabetic subjects ([@bib39]), and improved glycemic control ([@bib40]). Some differences were observed with hypercaloric feeding trials, but that was likely due to confounding from extra calories rather than fructose.

Two meta-analyses by Dolan et al. reviewed the effect of normal dietary levels of fructose on the development of hyperlipidemia and obesity in healthy, normal weight subjects ([@bib42]) and on blood lipids and body weight in overweight and obese subjects ([@bib30]). They concluded that fructose does not cause relevant changes in triglycerides or body weight when consumed at levels approaching the 95th percentile. As Livesey ([@bib43]) pointed out, bidirectional effects of fructose can be missed when dose dependency is overlooked. For example, effects on specific markers may be absent or positive at moderate to high doses, but adverse at very high to excessive doses.

### Caloric sweetener comparisons.

The abnormal biochemistry reported in metabolically extreme fructose-alone protocols is not observed in short-term studies of human subjects consuming real-world mixed sugars and mixed nutrient meals. When Melanson et al. ([@bib43]), Soenen and Westerterp-Plantenga ([@bib44]), and Stanhope et al. ([@bib45]) compared the biochemical consequences of HFCS and sucrose in randomized, controlled trials, they found metabolic comparability between sweeteners and normal clinical values for a number of metabolic markers of obesity (plasma glucose and insulin, ghrelin and leptin, triglycerides and uric acid, hunger and satiety) over the range of exposure from 9% to 15% E as fructose (45--75 g/d; 50th--95th intake percentile). \[See the accompanying paper in this thematic group by Rippe and Angelopolous ([@bib46]).\]

This was verified over a period of 7 y in free-living human participants in the 1999--2006 NHANES studies. Sun et al. ([@bib22]) correlated dietary fructose and nonfructose sugar intakes of \>17,700 individuals, 19--80 y of age, with biochemical markers for metabolic syndrome. They observed no differences in endpoints comparing fructose and nonfructose sugars, no changes of clinical importance over the whole range of sugars intakes, and no positive association between sugars consumption and triglycerides, HDL cholesterol, glycohemoglobin (HbA1c), uric acid, blood pressure, waist circumference, and BMI ([**Fig. 8**](#fig8){ref-type="fig"}).

![Relationship of biochemical markers for metabolic syndrome with fructose/nonfructose sugar intakes (energy percentile) in adults, n = 8065. Solid lines connecting filled blue squares and red circles represent the biochemical markers against fructose and nonfructose, respectively, for A through G. In H, broken lines and open blue squares and red circles represent fructose and nonfructose sugars intakes in g/d, respectively, across the sugar intake percentile groups. There were no significant differences between fructose and nonfructose sugars for any of the markers and no changes in clinical importance across all intake percentiles. BP, blood pressure; HDLC, HDL cholesterol; HbA1c, glycohemoglobin. Adapted with permission from ([@bib22]).](246fig8){#fig8}

#### Perspective.

The second tenet of the fructose hypothesis, that cause-and-effect evidence uniquely links fructose to diseases related to intermediary metabolism in humans at normal U.S. dietary exposure levels and intake patterns, is refuted by studies using real-world fructose exposures showing no differential effects versus controls. Head-to-head comparisons of sucrose and HFCS demonstrate the metabolic equivalence between the 2, as would be expected based on similarities in composition.

Epidemiological and animal studies have low evidentiary value
-------------------------------------------------------------

### Epidemiological studies.

Epidemiologists have found fructose to be fertile ground for study, although FDA considers them to be of low evidentiary value for establishing cause and effect ([@bib47]). Rizkalla ([@bib32]) recently reviewed the epidemiological literature reporting associations between fructose and body weight, obesity, lipogenesis, CVD, insulin resistance, blood pressure, and gout and concluded that "most of such studies have been cross-sectional or based on passive inaccurate surveillance, especially in children and adolescents, and thus have not established direct causal links."

In their recent review, Tappy and Mittendorfer ([@bib48]) exposed a significant problem with nutritional tables frequently referenced for epidemiological studies: they typically lack specific fructose data, necessitating the reliance on associations between metabolic diseases and sucrose or SSB intake. They concluded that, although "data collected from epidemiological studies therefore support the idea that sugar and sweetened beverage consumption most likely contribute quite significantly to excess energy intake and obesity, \[they\] do not demonstrate that fructose per se or even just sugar are responsible for increased energy intake or metabolic diseases."

An important issue with epidemiological studies is the inaccessibility of the data to reader analysis. Data are so heavily processed through multiple layers of mathematical filters that results are intractable to nonstatisticians; conclusions must be accepted on faith. The previously cited NHANES study by Sun et al. ([@bib22]) is a refreshing departure from the norm with the authors' use of raw, unmanipulated data in the analysis.

### Animal studies.

Animal studies have been widely used in fructose research, with some authors making public health recommendations based on their outcomes. For example, rats were the only intact species used for experimental support of a recent hypothesis that fructose plays a causal role in chronic kidney disease ([@bib9]). The animal studies on renal disease contributed materially to the author's generalized warning that "excessive fructose intake should be considered an environmental toxin with major health implications."

The FDA considers animal studies to be low on the evidentiary scale in establishing cause and effect for many reasons, including obvious size differences; different metabolism (e.g., rats retain the enzyme uricase); different anatomy \[rats lack a prefrontal cortex and consequently lack higher cognitive (executive) function\]; different native diets (rats subsist in nature on diets of complex carbohydrates, not simple sugars); and different digestion (rats seem to tolerate imposed diets of ≥60% E as fructose, whereas humans may develop gastric distress if fed diets of ≥10% E as fructose in the absence of glucose).

In fact, the differences between rats and humans are so significant that a group of concerned clinicians and scientists wrote an open letter to the Prime Minister of England decrying the high failure rate of new drugs, which they blamed on an overreliance of the pharmaceutical industry use of animals (especially rats) to predict drug behavior in humans ([@bib49]):"The stark differences, not only in the diseases of different animal species, but also the ways that they respond to drugs, are now well known. Many studies have shown that animal tests frequently fail to translate to the clinic, with estimates of their ability to predict effects on people as low as 37--50%, or no better than the toss of a coin."

Can we realistically expect any better from extreme dose testing of fructose in rats?

#### Perspective.

Although useful for suggesting areas for future research, epidemiological and animal studies are given relatively low value for establishing cause and effect in evidence-based reviews. The greatest value is given to human intervention studies.

Clinical importance and public health implications
--------------------------------------------------

### Statistical significance versus clinical importance.

The researcher's obsession with statistical significance is often at odds with the physician's need for clinical importance. This conflict was clearly stated by Birkmeyer ([@bib50]):"Although it is tempting to equate statistical significance with clinical importance, critical readers should avoid this temptation. To be clinically important requires a substantial change in an outcome that matters. Statistically significant changes, however, can be observed with trivial outcomes."

The recent fructose literature is replete with examples of statistically significant reports that, on examination, are slight and of questionable clinical importance. Metabolic markers and disease indicators for which statistical significance has been achieved with little apparent clinical importance include LDL subclasses, adiponectin, ghrelin, glucose, C-peptide, HOMA2-IR (homeostasis model assessment system), FFA, aspartate aminotransferase, and alanine aminotransferase ([@bib51]); blood pressure ([@bib52]); monocyte chemoattractant protein-1, plasminogen activator inhibitor-1, and soluble leukocyte adhesion molecule-1 (E-selectin) ([@bib53]); CVD risk factors ([@bib54]); triglycerides, LDL cholesterol, non-HDL cholesterol, and apolipoprotein B ([@bib55]); and markers for CVD and type 2 diabetes ([@bib56]).

### Public health implications.

Tappy wrote 2 thoughtful reviews on fructose metabolism, published 2 y apart. In the first of these ([@bib27]), the following guarded observations were made:"Although there is compelling evidence that very high fructose intake can have deleterious metabolic effects in humans as in rodents, the role of fructose in the development of the current epidemic of metabolic disorders remains controversial...There is, however, no unequivocal evidence that fructose intake at moderate doses is directly related with adverse metabolic effects."

Comments made 2 y later in 2012 ([@bib48]) were more direct:"Public health policies to eliminate or limit fructose in the diet should be considered premature. Instead, efforts should be made to promote a healthy lifestyle that includes physical activity and nutritious foods while avoiding intake of excess calories until solid evidence to support action against fructose is available. Public health is almost certainly to benefit more from policies that are aimed at promoting what is known to be good than from policies that are prohibiting what is not (yet) known to be bad."

Tappy's change in tone appears to be an acknowledgment that much of the fructose literature is poorly suited to public health policy decision making and a caution that policy making is ill advised without compelling cause-and-effect data.

#### Perspective.

In evaluating fructose research for public health implications, clinical importance in human subjects should be required wherever statistical significance is claimed.

Conclusions
===========

In considering the volume of contemporary literature on fructose, 1 conclusion stands clear: fructose is safe at typical intake levels but can produce adverse metabolic effects when abused---as is true of most nutrients. It turns out that the largest abusers of fructose are not American consumers, but research scientists. For the adult population as a whole, dietary fructose exposure ranges from very low to \<18% E. Over this range, recent meta- and NHANES analyses demonstrate no differential effects of fructose compared with other sugars on weight gain, blood pressure, uric acid, blood lipids, and hyperlipidemia; indeed, there may be a positive role for fructose in glycemic control at normal exposures. It is only when researchers hyperdose human and animal subjects with fructose in amounts that exceed the 95th percentile by 1.5- to 3- and 4- to 5-fold, respectively, that adverse effects are provoked.

Humans consume fructose with lots and lots of glucose; \>5 times as much glucose as fructose. The NHANES data from \>17,700 subjects analyzed by Sun et al. demonstrate that humans exhibit clinically normal metabolite levels over the normal range of fructose intakes. But it is also clear that researchers can provoke extreme biochemical responses by significantly shifting the dietary glucose-to-fructose ratio from 5:1 at the 50th percentile (9.1% E) to 1:1, 1:2, and 1.5 at 30%, 40%, and 50% E, respectively, through extreme dosing. Surely we cannot expect such exaggerated experimental systems to model the typical human experience with fructose.

The fructose hypothesis claims that *1*) significant diseases related to intermediary metabolism are increasing among Americans in step with disproportionate fructose increases in the human diet and *2*) cause-and-effect evidence uniquely links the metabolism of fructose to these diseases in humans at typical human exposures and intake patterns. Evidence is presented in this review that fructose has not disproportionately increased in the human diet (in fact, it has increased very little in the past 90 y) and that cause-and-effect evidence of adverse effects is lacking at typical human exposure levels and patterns. The fructose hypothesis must be continually challenged for human relevance.

We are amassing tremendous amounts of data gathered at great taxpayer expense that has proved to be of little value to public health policymakers. The last 2 Dietary Guidelines Committees routinely ignored reports of abnormal biochemistry related to fructose because of the unrealistic conditions required to provoke it, choosing instead to focus health recommendations on moderate intake of added sugars and all macronutrients. Is it time for granting agencies and journal editors to require more physiologically relevant experimental designs and clinically important outcomes for fructose research? I think it is.
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Sucrose could not be included in the hypothesis because its use did not correlate with increasing obesity rates. Due to their interchangeability, HFCS replaced sucrose on a 1:1 basis in many food and beverage applications; as HFCS use increased, the use of sucrose decreased.

Glucose = ∑ (0.5 × (sucrose + honey + edible syrups) + 0.58 × HFCS-42 + 0.45 × HFCS-55 + corn syrup + glucose); fructose = ∑ (0.5 × (sucrose + honey + edible syrups) + 0.42 × HFCS-42 + 0.55 × HFCS-55).

Fructose was calculated from intrinsic amounts in food commodities and added sugars; nonfructose sugar (principally glucose based and lactose) was calculated by subtracting fructose from total sugars.

Energy contributions for all dietary sources of glucose and fructose were extracted from USDA loss-adjusted per capita food availability data tables. Dietary sources included meat, eggs, and nuts; dairy; fruit; vegetables; grains; and added sugars. Appropriate adjustments based on sugars composition data from NutritionData.com yielded the glucose and fructose values used to generate yearly ratios. NutritionData.com uses USDA's *National Nutrient Database for Standard Reference* supplemented with data from food manufacturers and restaurants.

Considering the whole body, a meal containing 50 g glucose and 10 g fructose (5:1 ratio) would effectively generate 55 g glucose and 5 g fructose (11:1 ratio) after conversion of half of the fructose to glucose in the liver.

Using the previous example, 20% uptake of glucose (10 g) and near-quantitative uptake of fructose (10 g) would generate a 1:1 ratio in the liver; after conversion of half of the fructose to glucose, the glucose-to-fructose ratio would become 3:1.
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